Factors influencing tuberculosis cluster growth are poorly understood. The authors examined clusters of two or more culture-confirmed Mycobacterium tuberculosis cases between January 1, 2001, and December 31, 2003, that had insertion sequence 6110 (IS6110) restriction fragment length polymorphism and spoligotype patterns identical to those of another study case. Genotypes first seen in New York, New York, before or during 1993 were considered historical; recent strains were those first seen after 1993. The authors examined the effect of the combined characteristics of infectiousness of the first two cases in a cluster on the rate of cluster growth. Genotyping was performed for 2,408 (91.8%) of the 2,623 tuberculosis cases diagnosed; 873 cases were in 212 clusters. Thirty-one clusters had historical strains, 153 were recent, and 28 were of unknown period. Patients' infectiousness was not associated with the rate of cluster growth among historical strain clusters. Among recent strain clusters, infectiousness of both of the initial cases was associated with a higher rate of cluster growth compared with clusters in which neither initial case was infectious, upon adjustment for male sex (rate ratio ¼ 2.62, 95% confidence interval: 1.19, 5.78). The rate of genotype cluster growth should be monitored regardless of how long the strain has been present in the community. However, infectiousness in the first two cases may be useful to prioritize genotype cluster investigations. cluster analysis; genotype; tuberculosis Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; IS6110, insertion sequence 6110; RFLP, restriction fragment length polymorphism; RR, rate ratio.
Mycobacterium tuberculosis genotyping allows differentiation of tuberculosis strains. ''Clustered cases'' are defined as isolates with matching strains and are considered to reflect recent tuberculosis transmission events. Clusters are then investigated for previously unrecognized epidemiologic links between cases and, if detected, additional control measures can be applied to interrupt further spread. M. tuberculosis genotyping is increasingly used to assist tuberculosis control efforts. Recently, the Centers for Disease Control and Prevention began offering genotyping services to all tuberculosis control programs in the United States (1, 2) . The majority of clusters, however, do not increase in size beyond the first two cases identified (3, 4) . Genotype cluster investigations are resource intensive and complex, thus precipitating the question of which clusters to investigate. Knowing the determinants of growth in cluster size beyond the initial two cases could assist health departments to prioritize particular clusters for investigation and to direct limited resources where additional intervention measures are warranted.
Studies of the molecular epidemiology of tuberculosis have used primarily patient-level data to identify risk factors for genotype clustering of tuberculosis cases. In populationbased studies, tuberculosis patients' factors associated with genotype clustering include younger age, nationality, Black race, male sex, respiratory acid-fast bacilli smear positivity, acquired immunodeficiency syndrome (AIDS) and human immunodeficiency virus (HIV) infection, drug and alcohol abuse, and failure to identify contacts (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Concurrent infection with HIV does not make tuberculosis patients more infectious; however, among persons with latent tuberculosis infection, it is the single most important risk factor for progression to active disease. Persons who had concurrent HIV infection have a 7-10 percent annual risk of tuberculosis disease compared with a 10 percent lifetime risk among persons infected with tuberculosis but not with HIV (16) (17) (18) . Whether these factors are associated with the rate of cluster growth has not been described.
Since January 1, 2001 , genotyping of isolates from all incident tuberculosis cases in New York, New York (New York City), has been performed using both insertion sequence 6110 (IS6110) restriction fragment length polymorphism (RFLP) and spoligotyping techniques. In this paper, we examine the influence of demographic, clinical, social, and behavioral characteristics of the first two tuberculosis cases in a molecular cluster on the rate of additional cases in the cluster.
MATERIALS AND METHODS
We used surveillance data from the New York City Department of Health and Mental Hygiene tuberculosis case registry of incident tuberculosis cases and from the tuberculosis genotyping database. M. tuberculosis isolates from all culture-confirmed cases diagnosed from January 1, 2001 , to December 31, 2003, were eligible for genotype analysis. Genotyping was performed following standard procedures (19) (20) (21) (22) . A ''genotype cluster'' was defined as two or more cases within the study period that had matching IS6110 RFLP and spoligotype patterns. Before 2001, genotyping was performed on selected isolates in New York City for investigation of tuberculosis outbreaks and clusters, investigation of potential false positive cultures, and surveillance for tuberculosis drug resistance. On the basis of genotyping results of selected isolates from 1990 to 2000, isolates from 2001 to 2003 were classified as historical strains if the genotype was first seen in New York City before or during 1993; recent strains were those first seen in New York City after 1993.
Data collection
Routine data. Demographic data and clinical information for each patient were obtained by interview and medical-record review by trained Bureau of Tuberculosis Control staff, using the standard data collection forms of the program. Patients were offered HIV testing by their medical providers as part of routine care; however, not all patients accepted HIV testing. HIV test results were obtained from patients' interviews and medical-record reviews as part of routine tuberculosis control program activities and used for this study. HIV status was coded as negative if there was a negative HIV test result within the year before the diagnostic evaluation for tuberculosis documented by laboratory or physician report. HIV status was coded as positive if the patient gave a history of a positive HIV test or acquired immunodeficiency syndrome, or if there was documentation in the medical history or a laboratory result of a positive HIV test result. If neither of these criteria was met, patients were classified as having unknown HIV status for these analyses. We examined whether the presence of HIV infection in one or both of the initial cases in a cluster was associated with the rate of cluster growth in two separate analyses. In the first analysis, we included all clusters; in the second analysis, we excluded clusters in which either of the first two cases had unknown HIV status.
Contacts identified by the patient at the time of initial contact investigation or subsequently during treatment were also interviewed and evaluated for latent tuberculosis infection or tuberculosis and offered treatment for either if indicated. Information on contacts named by the patient and the tuberculin skin test results were also entered into the tuberculosis case registry and linked to the source case record. The first M. tuberculosis isolate from each patient was sent to the public health laboratory by the clinical laboratory where M. tuberculosis was cultured. The tuberculosis case registry was searched twice each month to identify new culture-positive tuberculosis cases eligible for genotyping, and a list of these cases was sent electronically to the public health and genotyping laboratories. If eligible isolates were not submitted, the clinical laboratory was contacted to obtain the isolate. Case-patients' data from the tuberculosis registry and patients' interview forms were merged with the molecular genotyping database.
Genotype data. Before January 1, 2001, genotyping of selected M. tuberculosis isolates was performed in New York City as part of cross-sectional surveys, surveillance of tuberculosis drug resistance, and investigation of outbreaks and potential false positive cultures. In 1992 and 1993, five hospitals (representing 7-8 percent of culturepositive cases reported in those years) performed genotyping of all tuberculosis cases diagnosed at these hospitals (23) . Genotyping for all studies was done at the Public Health Research Institute, Newark, New Jersey, by use of IS6110 RFLP, except for false positive culture investigations, which were performed at the genotyping laboratory of the Wadsworth Center, Albany, New York. The year 1993 was used as a cutpoint for classifying the time period when genotypes were first seen in New York City, since the number of incident tuberculosis cases decreased beginning in 1993 (24) (25) (26) . The date when the genotype was first identified in New York City was obtained from the genotyping laboratories. ''Recent strains'' were defined as those first seen in New York City after 1993. ''Strains of unknown period'' were defined at those with IS6110 RFLP patterns seen before 1993 that were associated with more than one spoligotype in our database. The effect of historical strains on genotype clustering was examined in a subanalysis of clusters whose genotype was first seen after 1993.
Genotype cluster investigations. Upon detection of each genotype cluster, investigations were performed to determine links between cases. An ''epidemiologic link'' was defined as a patient's having named the other as a contact, having contacts in common, or reporting having been in the same physical location prior to diagnosis. Subsequent review included information from the patient's and contact's interviews by use of a standard guide used in the program. If an epidemiologic link was not found, the patient was reinterviewed to elicit places of social aggregation by use of an interview guide. Information collected in the cluster investigation, such as mutual contacts, potential sources of tuberculosis, potential locations of transmission, prior history of tuberculosis infection and disease, shared characteristics of clustered case-patients, and epidemiologic links, was entered into the genotyping database.
Variables
The unit of analysis was a genotype cluster. The outcome variable of interest was the rate of additional cases in a cluster, which was calculated as the number of additional cases in the cluster at the end of the study period minus the first two cases, divided by the cluster-months of follow-up. The number of cluster-months of follow-up for cluster growth was the interval from the date of collection of the first positive culture of the second case in the cluster until the end of the study period, December 31, 2003.
The primary exposure variables of interest were infectiousness as a dichotomous variable and the HIV serostatus of the two intial cases in the cluster. Pulmonary tuberculosis was characterized with acid-fast bacilli smear-positive sputum by microscopy and the presence of cavitary lesions (known markers of infectiousness), and persons with such disease are known to be more likely to transmit infection to their contacts (27) (28) (29) . We hypothesized that infectiousness would be associated with a higher rate of cluster growth due to increased transmission.
We hypothesized that HIV infection would be associated with a higher rate of cluster growth due to the increased rate of progression to disease, not increased infectiousness. The exposure variables of interest and potential confounders and effect modifiers were coded as the combined characteristics of the first two cases in each cluster. For example, male sex was classified as follows: 0 (neither case was a male), 1 (either case was a male), and 3 (both cases were males). Characteristics of infectiousness were examined as a combined variable on the bases of the presence of pulmonary, acid-fast bacilli smear positivity and cavitary disease (i.e., both, either, or neither case's having pulmonary, acid-fast bacilli smear positivity or cavitary disease). Although having either acid-fast bacilli smear-positive disease or cavitary lesions alone may be an indication of infectiousness, we used the combined variable with the presence of both characteristics in order to increase the precision of this measure. The HIV serostatus of the first two cases was coded as both being HIV infected, either being HIV infected, or neither being HIV infected. The time between the diagnoses of the first and second cases was the number of months between the initial positive culture dates for the first and second cases in the cluster. A subanalysis that excluded clusters in which either of the first two cases had unknown HIV serostatus was performed. We also examined the effect of HIV on cluster growth as a binary outcome variable.
''Homelessness'' was defined as lacking fixed, regular housing or living in a shelter/single-room-occupancy hotel before diagnosis or during tuberculosis treatment. Substance abuse included using injection and noninjection illicit drugs during the 12 months before diagnosis. A positive tuberculin skin test (5 mm) or treatment for latent tuberculosis infection 6 or more months before diagnosis of the current case was considered prior latent tuberculosis infection.
Statistical analysis
Statistical analyses were performed with SAS, version 8.02, software (SAS Institute, Inc., Cary, North Carolina). The first two cases were compared according to primary exposure variables and covariates. Pearson's chi-squared test or Fisher's exact test was used to test the differences for categorical variables. The influence of the primary exposure variables and covariates on the rate of cluster growth was examined first in all clusters and subsequently among recent strains, with a log-linear model that used a Poisson distribution in which the outcome was the number of cases in the cluster at the end of the study period minus the first two cases. The log months of follow-up from diagnosis of the second case to the end of the study period were used as an offset term to account for the different observation time for each cluster. Covariates that were significantly associated with the rate of cluster size increase and with the primary exposure variables in bivariate analyses were considered potential confounders and were included in multivariate analyses. Crude and adjusted rate ratios for cluster growth and 95 percent confidence intervals were derived from log-linear regression analysis. Effect modification, a difference in the magnitude of the association of the primary exposure in different subgroups, was also explored.
Genotyping of M. tuberculosis isolates and molecular epidemiology activities, as well as the present analyses, received ethical oversight and approval by the Institutional Review Board of the New York City Department of Health and Mental Hygiene. In addition, this project was reviewed by the Associate Director for Science of the National Center for HIV, STD [sexually transmitted disease], and TB [tuberculosis] Prevention at the Centers for Disease Control and Prevention and determined not to be research on human subjects that would have required review.
RESULTS

Cluster enumeration
From January 1, 2001, through December 31, 2003, there were 3,434 tuberculosis cases reported in New York City; 2,623 (76.3 percent) had M. tuberculosis cultured from one or more clinical specimens, and 2,408 (91.8 percent) patients' isolates were genotyped. Among the cases with genotyped isolates, 1,535 had genotypes that did not match those of another case in the sample, and 873 (36.2 percent) had genotypes matching one or more other cases. This corresponded to 212 clusters that ranged in size from two to 85 cases (table 1) . Thirty-one clusters had genotypes that were seen first in or before 1994, 153 were recent strain clusters, and for 28 the period could not be determined. The median number of years since the genotype was first seen increased with cluster size, from 0.8 years for clusters of size two to 9.9 years for the largest clusters (p < 0.001).
The median time of diagnosis between the first and second cases in a cluster was 5.3 months (range: 0-35.1 months). In 89 (41.9 percent) clusters, the second case was diagnosed within 3 months of the first. The median duration of cluster follow-up after diagnosis of the second case was 18.2 months (range: 0.6-36.1 months); 185 (87 percent) clusters were followed for 6 or more months after the second case in the cluster was diagnosed. The median duration of follow-up increased with increasing cluster size, from 12.1 months among clusters of size two to 34.1 months for the largest cluster (p < 0.001).
In six clusters, the first case was younger than 10 years of age and, in an additional eight clusters, the second case was younger than 10 years of age; 11 were less than or equal to 4 years of age. Cluster size was not associated with either one or both of the first two cases being younger than the age of 10 years nor with the order of the case younger than 10 years. There was a great deal of similarity in the characteristics of the first two cases in each cluster. No significant differences according to demographic (figure 1) or clinical (figure 2) characteristics were detected.
In 31 (14.6 percent) clusters, one or both of the initial cases had an epidemiologic link detected to another case in the cluster. The proportion of clusters with epidemiologic links detected was higher in clusters of recent strains compared with historical strains, but the difference was not statistically significant (17.6 percent vs. 9.6 percent; p ¼ 0.27). were made in the traditional contact investigation; 21 of these were in the household or among family members, and five were friends or leisure contacts. Four links were identified as a result of the genotype cluster investigation; these links were a shelter for homeless persons, a local grocery store, or the same or neighboring address. The presence of a link between the first and second cases was not associated with the rate of cluster growth among recent strain clusters but was significantly associated with the lower rate of cluster growth in historical strain clusters (0.47 vs. 2.91 cases per 10 cluster-months of follow-up) (p < 0.001).
Rates of cluster growth and crude associations
The combined characteristics of the first two cases by the rate of additional cases in the cluster are shown in table 2. The rate of cluster growth was not associated with an interval of less than the median number of months between diagnoses of the first and second cases in the cluster (5.3 months). The median number of months from the second to the third cases in a cluster was 4 (range: 0-27) months. Among historical strain clusters, a higher rate of cluster growth was associated with HIV infection in either case (RR ¼ 4.2, 95 percent CI: 3.0, 6.0); the rate of cluster growth was not associated with HIV infection in both cases (RR ¼ 1.0, 95 percent CI: 0.5, 2.2). The higher rate of cluster growth was not associated with HIV infection in both or either of the initial cases, among recent strain cases. In a logistic regression model with cluster growth as a binary outcome variable, cluster growth was not associated with HIV infection in either or both initial cases (odds ratio ¼ 1.20, 95 percent CI: 0.64, 2.27; odds ratio ¼ 2.62, 95 percent CI: 0.83, 8.22, respectively). These estimates did not change after adjustment for the period when the strain was first seen.
The number of cases by HIV serostatus is shown in figure 2 . There were 91 clusters in which at least one of the first two cases in the cluster had unknown serostatus and 121 clusters in which the HIV test results were known for both of the first two cases. The association of the rate of cluster growth with HIV serostatus remained the same after we excluded clusters in which either case had unknown HIV serostatus. The results of this subanalysis of 121 clusters, in which both of the initial cases were tested, found that higher rates of cluster growth were associated with HIV infection in both or either case (RR ¼ 2.96, 95 percent CI: 2.12, 4.11; RR ¼ 3.30, 95 percent CI: 2.61, 4.18, respectively) compared with HIV infected in neither case. Among recent strain clusters in which both of the initial cases were tested for HIV (n ¼ 86), the rate of cluster growth was not associated with HIV infection in both or either of the initial cases (RR ¼ 0.95, 95 percent CI: 0.38, 2.36; RR ¼ 0.65, 95 percent CI: 0.36, 1.18, respectively).
Confounding and effect modification
We examined the role of potential confounding and effect modification on the association between infectiousness and HIV infection with the rate of cluster growth among all clusters and for recent strain clusters separately. In the analysis of all clusters, the following variables met criteria for potential confounders of the association of HIV and clustering in all strains: Black or Asian race, being born in the United States, homelessness, substance abuse, and prior tuberculosis disease. Effect modification of the association between HIV and clustering was present for the following variables: male sex, Hispanic ethnicity, Black and Asian race, being born in the United States, substance abuse, infectiousness, and acid-fast bacilli smear grade among all strains (table 4). Among clusters in which both of the initial cases were HIV infected, the rate of increase in cluster size was greater when either was Asian, born in the United States, homeless, infectious, or had an acid-fast bacilli smear grade of 4 compared with those with neither having these characteristics. Among clusters in which either or both of the initial cases were HIV infected, the rate of increase in cluster size was highest if either or both were males, Black, Hispanic, born in the United States, or substance abusers compared with those in which neither had these characteristics.
Among recent strain clusters, none of the covariates was associated with infectiousness. Clusters in which both or either case was a male were also more likely to be infectious, although the association was not statistically significant (p ¼ 0.055). Infectiousness in both cases and male sex in either case remained independently associated with clustering in a model that included both variables (RR ¼ 2.62, 95 percent CI: 1.19, 5.78; RR ¼ 2.44, 95 percent CI: 1.29, 4.61, respectively). We observed differences in the magnitude of the association between infectiousness and clustering (i.e., effect modification) among Hispanics and homeless persons (table 5) . Among clusters in which both of the initial cases were infectious, the rate of increase in cluster size was greater when either was Hispanic or when both were homeless compared with those where neither was Hispanic or homeless.
DISCUSSION
Since most clusters do not grow beyond two cases, it would be useful to know which clusters are more likely to expand over time and to prioritize these for control activities. Our analysis showed that in New York City the presence of characteristics of infectiousness of the first two cases in a cluster was associated with a higher rate of cluster growth in clusters of recent genotypes. Furthermore, the presence of this association among recent strains but not among all strains provides further evidence that historical strains dilute the effect on genotype clustering of factors associated with recent transmission. By definition, transmission of historical strains would have occurred over a longer period of time than transmission of more recent strains. Therefore, indirect or second-generation transmission is likely to be greater among historical strains. In clusters of historical strains, the first two cases are less likely to be the true first cases in a cluster; rather, these cases are more likely to represent progression to disease from latent tuberculosis infection that occurred in previous generations of transmission of the strain. Although not statistically significant, the greater proportion of clusters with recent strains that had detected epidemiologic links compared with historical strain clusters is also consistent with more ongoing transmission among recent strain clusters. The overall proportion of 20.1 percent genotype-clustered cases with epidemiologic links in our study was slightly lower than the proportions seen in a population-based study of seven sentinel sites in the United
States, which ranged from 25 percent to 42 percent (10) . Among clusters in which either case was infectious, a higher clustering rate was associated with being homeless or Black. The association of Black race and being homeless with clustering has been reported previously in the tuberculosis literature (3, 10) . In New York City, continuing tuberculosis control efforts are needed to interrupt transmission in these groups.
The effect of HIV serostatus on the rate of clustering in our analysis was consistent, with greater likelihood of progression to disease from latent tuberculosis infection but not transmission, since the effect of HIV was seen among historical but not among recent strain clusters. The association appears to be robust, as it was also present in subanalysis of clusters in which both of the initial cases in the cluster were tested for HIV. This is consistent with prior knowledge of tuberculosis transmission and pathogenesis. The presence of an effect of HIV among all strains persisted when we examined only historical strains (RR ¼ 4.21, 95 percent CI: 2.98, 5.96 for HIV infection of either case) and also when we included strains of an unknown period when both cases were HIV infected (RR ¼ 2.71, 95 percent CI: 1.90, 3.88) or either was HIV infected (RR ¼ 2.12, 95 percent CI: 2.12, 3.54). However, the absence of an effect in the subanalysis of recent cases should be interpreted with caution. An alternative explanation for the absence of an association of HIV infection and clustering in recent strain clusters may be that the sample size provided insufficient power to detect an association. The lowest detectable effect estimate of the association of HIV serostatus and the rate of clustering with 212 clusters, 80 percent power, and one-sided alpha of 0.05 was a rate ratio of 1.44.
These results cannot be generalized to other areas since the epidemiologic profiles vary greatly by location, which may affect clustering and cluster growth rates. Our results should be confirmed in other settings. These analyses are also limited by a number of other factors. We did not study other factors that are known to affect the likelihood of transmission. Characteristics of the exposure to an infectious tuberculosis case, such as the proximity and duration of the exposure and the environment where the exposure occurred, are associated with the likelihood of transmission. In addition, characteristics of the contacts and the contact investigation, such as clinical conditions (other than HIV) that weaken the immune status, which can contribute to the likelihood of progression of disease if infected, as well as the quality of the contact investigation, were not available for analysis. Second, our analytical approach does not distinguish different rates of growth of the cluster over the study period. Instead, the outcome variable represents an average rate over the observation period, which may not capture important fluctuations in rates that are better indications of transmission. This model also does not measure the interactions among individuals that are likely to influence transmission patterns and clustering, such as are addressed in social network models. Such models require information on the interactions between all case pairs, which was not available in the data. Finally, loss to follow-up due to movement of potential cluster members out of the study area may have reduced the number of cases in a cluster. However, loss to follow-up is not expected to differ by genotype.
In summary, although these findings suggest that cluster investigations might be prioritized according to a strategy that takes into account the specific characteristics of the first two cases in a genotype cluster, they should be validated in other settings. The fact that the effect of infectiousness and HIV infection on the rate of cluster growth is consistent with prior knowledge of tuberculosis transmission and pathogenesis lends further support to the idea that historical genotypes are more likely to represent progression to disease from remote tuberculosis infection than recent transmission. However, tuberculosis control programs should not be lulled by historical strain clusters since transmission of these strains is also possible. The rate of genotype cluster growth should be monitored regardless of how long the strain has been present in the community.
